The purpose of this study is to develop an apparatus for simultaneous measurement of electrical and spectroscopic parameters of single ion-channels. We have combined the single channel recording apparatus with an artificial lipid bilayer and a fluorescence microscope designed to detect single fluorescent molecules. The artificial membranes were formed on a PEG (polyethylene glycol)-coated glass and observed with an objective-type total internal reflection fluorescence (TIRF) microscope. The lateral motion of a single lipid molecule (β-BODIPY 530/550 HPC) was recorded. The lateral diffusion constant of the lipid molecule was calculated from the trajectories of single molecules as D = 8.0 ± 4.0 × 10 −8 cm 2 /s. Ionic channels were incorporated into the membrane and single-channel current fluctuations were recorded. These data show the possibility of the present technique for simultaneous measurement of electrical and spectroscopic parameters of single-channel activities.
I. INTRODUCTION
Single channel recording using an artificial planar lipid bilayer membrane is a powerful tool for the study of ionchannels, and has been applied to many different channel types, revealing their kinetics and pharmacological properties [1] . Recent advances in optical microscopy have enabled us to see single protein molecules [2] . We have developed a novel experimental system that enables simultaneous electrical and optical, or spectroscopic, observation of single ion-channels by combining the technology of these two techniques [3] [4] [5] . With this technique it should be possible to directly observe the interaction between a single channel protein and a single effecter molecule and the following change in channel activity.
In this paper, we describe the improvement of the technique for simultaneously measuring the electrical and optical properties of single channel proteins and show evidence of the direct observation of single fluorescent molecules in this membrane. As we reported previously [3, 4] , a horizontal planar lipid bilayer membrane can be easily formed on an aperture of a fine glass pipette or across a small hole in a thin plastic film, while conventional planar bilayers are made vertically in solution. It has been possible to observe the thermal motion of single lipid molecules in a horizontal membrane with a normal epi-fluorescence microscope. These membranes, however, cannot be used in experiments where the background noise is high, for example, under conditions that many fluorescent ligands exist in the solution. In this situation it is very difficult to detect a signal from single fluorophores because of the high background noise. We have devel- * This paper was presented at International Symposium on Nanoorganization and Function, Tokyo, Japan, 11-12 November, 2004. † Corresponding author: ide@phys1.med.osaka-u.ac.jp oped a method whereby a horizontal bilayer membrane is formed on a PEG-coated glass for single channel current recording, which can be observed with a TIRF microscope.
II. MATERIALS AND METHODS

A. Reagents
Diphytanoylphosphatidylcholine (DΦPC) was purchased from Avanti Polar Lipids, Inc. (USA), β-BODIPY 530/550 HPC from Molecular Probes (USA), aminopropyltrietoxysilane from Shin-Etsu Chemical (Japan), biotin-PEG-NHS (MW=3340) from Nektar (USA) and Agarose type VII, asolectin and gramicidin D from Sigma (USA). Cy5 monofunctional reactive dye was purchased from Amersham Pharmacia Biotech (Sweden). All the other chemicals were commercial products of analytical grade.
B. Preparation of bovine tracheal vesicles
The bovine smooth muscle plasma membrane vesicles were prepared according to the method of Slaughter, et al [6] .
C. Microscopy
The microscopy used has been previously described [4] with slight modifications to the optical lenses and filters. Unless otherwise stated, images were recorded using an ICCD camera, an image intensifier (VS4-1845, Video Scope, USA) and an electron bombarded CCD camera (C7190-20, Hamamatsu Photonics, Japan), and stored on e-Journal of Surface Science and Nanotechnology digital videotape. (x, y) coordinates of particles in each video frame were calculated by a personal computer using image analysis software (Scion Image, Scion Corp., USA).
D. Glass pipettes
Fine glass pipettes were made from glass capillary with outer and inner diameters of 1.5 mm and 0.9 mm, respectively, using a pipette puller (P-97, Sutter Instrument, USA). The pulled capillaries were processed with a microforge apparatus (MF-900, Narishige, Japan) to have the tip aperture of approximately 10 µm.
E. The bilayer membrane chamber
As shown in Fig. 1(A) , the bilayer apparatus consists of two chambers. The upper chamber was made of a glass tube with an inner and outer diameter of 8 mm and 10 mm, respectively, which could be moved by a micromanipulator (PCS-5000, Burleigh Instruments, USA). On the bottom of the upper chamber, a thin (0.1-0.2 mm thick) (PVC: polyvinyl chloride) film with a small pore in the center was attached. The pore on the film was made as follows: A heated stylus was pushed on the film to make a projection. The top of the projection was shaved with a razor in order to make a circular pore of the appropriate diameter. This is the same method used to make an aperture for a conventional vertical bilayer. The projection, however, was made taller than those conventionally used. The lower chamber consisted of a 35 mm glass dish with a hole, 12 mm in diameter, in the bottom. A coverslip was fixed over the hole with adhesive just prior to the experiment. The upper and the lower chamber were connected to a patch clamp amplifier (CEZ-2400, Nihonkohden, Japan) through Ag-AgCl electrodes. The membrane potential was defined as the voltage of the upper solution with respect to the lower chamber which was held at virtual ground.
F. PEG coating of a coverslip
Coverslips (0.12-0.17 mm thick, Matsunami, Japan) were coated with PEG molecules in order to prevent strong interaction between the membrane and the glass surface ( Fig. 1(B) ). First, coverslips were incubated for 1 hr at 90
• C in 2% (v/v) aminopropyl trietoxysilane to aminate the glass surface. Then, after wash with pure water the coverslips were reacted with NHS-PEG-biotin (10 mM NHS-PEG-biotin, 50 mM MOPS, pH 7.5) for 1 hr at room temperature. The coverslips were washed with pure water and stored in water at 4
• C. Several minutes before use in bilayer experiments, the coverslip was coated with avidin by putting a small volume of solution containing 50 µg/ml strtepto avidin, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 137 mM NaCl, 8.1 mM NaH 2 PO 4 , pH 7.4 on the glass.
G. Formation of a horizontal lipid bilayer in an aqueous environment
Artificial lipid bilayers were formed horizontally across a small hole on a thin PVC film. Lipid dissolved in ndecane was added on the underside of the bottom of the lower chamber. The horizontal membrane was formed by plunging the upper chamber into the lower solution. Precisely regulating the hydrostatic pressure of the upper side of the membrane, and holding the membrane at a fixed height, the membrane thinned spontaneously to form a bilayer. This process of thinning could be observed with a normal bright field microscope.
H. Formation of a bilayer on PEG-coated glass
The same apparatus for making a bilayer in an aqueous environment was used. The dried PEG-coated coverslip was fixed with adhesive over the hole on the bottom of the chamber. The membrane was formed as follows ( Fig.  1(B) ): First, as described in the previous section, a thick membrane was formed across the hole. Then, the upper chamber was moved in a downward direction until the membrane came into contact with the PEG-coated cov- erslip. By slightly increasing the pressure in the upper chamber, the membrane began to expand and finally the center of the membrane became a bilayer. Alternatively, it is possible to form a bilayer on a PEG-coated glass by pressing a bilayer membrane pre-formed in an aqueous environment.
I. Determination of a lateral diffusion constant from a single-molecule trajectory
The mean square displacement (MSD) that is averaged over a trajectory at each time interval (∆t) was calculated from the trajectory of a particle. The diffusion constant D was calculated from the slope of the ∆t-MSD plot by least-square fitting.
III. RESULTS AND DISCUSSION
A. Bilayers on the PEG-coated glass: Formation
In this study, we have developed a method for forming an artificial bilayer which can be observed using a TIRF microscope and used to record currents from single channels. The bilayer was formed as described for the aqueous environment. A thick membrane was made across the hole, or the hole was plugged with a lipid-drop, by spreading lipid solution over the hole. The membrane was then moved downward to make contact with the bottom coverslip that had been coated with PEGs. Finally, the membrane was made thin so as to form a bilayer by controlling the hydrostatic pressure of the upper chamber. The membrane formed on the PEG-coated glass consisted of a central bilayer area and a surrounding annulus like that formed in solution. The boundary between the bilayer and the thick annulus could be easily observed with a normal bright field microscope, which allowed us to observe thinning process.
B. Channel incorporation
Figure 2(A) shows a current record taken from the membrane on the PEG-coated glass into which a gramicidin channel had been incorporated. Gramicidin peptides form ionic channels in a lipid membrane only when it is a bilayer. The presence of these channels confirmed that at least a part of the membrane on the PEG was a bilayer. The distance between the membrane and the glass surface was constant over the whole membrane. It was not that the only part of the membrane was contact with the coverslip but whole membrane including the annulus was in contact with the coverslip. In order to show that the very thin PEG-layer conducted ionic current sufficient to measure real single ion-channel currents, we formed a bilayer membrane in an aqueous environment and recorded gramicidin channel currents before and after the membrane was contacted with the PEG-layer. We found no significant change in a single channel conductance between the bilayer membrane in an aqueous environment and the membrane contacted with the PEG-layer (γ = 30 pS in 1.5M KCl). Thus, we may conclude that a very thin PEG-layer between the membrane and the coverslip conducted enough ionic current.
This type of membrane has been used to reconstitute biological channels. Figure 2(B) shows the single channel current recorded from the membrane into which a Ca 2+ -activated K + -channel from bovine tracheal muscle was reconstituted through vesicle fusion. As described later, the PEG layer was very thin, so that the membrane could be observed with a TIRF microscope. Ion-channels were reconstituted by vesicle fusion, and single-channel currents recorded. Thus, it was possible to make electrical measurements of single-channel proteins using this bilayer formed on the PEG-coated glass.
C. Optical detection of single-fluorescent molecules in the membrane formed on the PEG-coated glass
Thermal motions of single lipid molecules were observed in the membrane (Fig. 3) . The bilayer membrane that included β-BODIPY 530/550 HPC was formed on the PEGcoated glass and its image was captured with a TIRF microscope. As shown in the figure, single fluorescentlabeled lipids were seen as bright spots moving rapidly in the membrane. The intensity of the light from these spots decayed in a single step, indicating that the stepwise decay showed the photobleaching effect of the dye and these spots consisted of a single fluorescent dye molecule. The diffusion constant determined from trajectories of singlelipid molecules was D = 8.0 ± 4.0 × 10 −8 cm 2 /s (n = 10), which is consistent with the value of bilayer membranes in solution obtained by macroscopic methods like fluorescence recovery after photobleaching (FRAP) technique [8] . Thus, we conclude that lipid molecules are able to move freely in the membrane, even though the membrane is in contact with the PEG layer.
As described above, the membrane could be observed with a TIRF microscope when the PEG layer was thin enough. The intensity of the evanescent field decreases exponentially with the perpendicular distance from the glass surface. The 1/e penetration depth of the microscope was approximately 150 nm [6] . Therefore, it is possible to selectively excite fluorophores only in the region of the membrane which reduces the background light. The membrane which was observed with a TIRF microscope was located at most at a distance of several hundred nanometers. Thus, the thickness of the PEG layer including avidin molecules was within this range, and a thin PEG layer was sufficient for conducting ionic current when we recorded single-channel currents.
IV. CONCLUSIONS
In this paper, we show that the bilayer membrane formed on the PEG-coated glass provides a means to make simultaneous electrical and optical observations of single ion-channels. Using this membrane with a TIRF microscope, it will be possible to detect channel-ligand interaction and following changes in the channel function at the single molecule level. We have studied the thermal motion of particles in the membrane and found that they diffuse freely in the membrane. It is possible that this motion interferes with the detection of minute changes in optical signals from proteins in the membrane. To overcome this problem a method for immobilizing the channel proteins in the membrane needs to be developed.
